Kidneys of copper-loaded rats were investigated immunohistochemically with a directly peroxidase-conjugated monoclonal antibody against metallothionein (MT). By means of an image analyzing system the area and the staining intensity of MT immunoreactivity in the proximal convoluted tubule (PCT) cells were determined. In the present study we compared the data obtained by image analysis with analytically determined tissue copper and MT concentrations of rats fed a high-copper diet (1 glkg) for 16 weeks and sadiced sequentially during this period. Our results provide evidence that the area of MT immunoreactivity correlates significantly with tissue copper and MT concentrations. Both the copper and MT concentrations in kidney rose to a maximum at 8 weeks and remained constant thereafter. The observed rise in the staining intensity of MT in PCT cells to a maximum at 6 weeks, which subsequently dedined, suggests a continuing redismbution of copper and MT in the kidneys even after a maximum of concentration copper and MT is reached in the tissue. ( J Hhtochem Cytochem 41:727-731, 1993) KEY %RDS: Metallothionein; Copper; Immunohistochemistry; Image analysis.
Introduction
Metallothioneins (M'E) are a set of ubiquitous low molecular weight proteins with a high affinity for heavy metal ions such as zinc, copper, and cadmium. MT synthesis is induced in a variety of tissues by these metal ions as well as by endogenous factors such as glucocorticoids, interferon, interleukin-1, progesterone, and vitamin D 3 . The functions of MTs comprise the ability to bind and store essential or potentially toxic metal ions and a role in the detoxification of toxic metals, and possibly in protection of cells against alkylating agent cytotoxicity and ionizing radiation.
In a recent study, Evering et al. (5) have shown that immunohistochemical demonstration of MT corresponded better with the copper content in liver and kidney of copper-loaded rats that histochemical stains. Immunohistochemically, MT can be detected in various tissues of normal rats by a monoclonal antibody that recognizes an epitope shared by the isoproteins MT1 and MT2 (16). In copper-injected rats, an increased MT immunoreactivity in the proximal convoluted tubule ( P a ) cells of the kidney has been described which correlated with elevated MT1 and copper content in tissue Excessive copper storage in liver and kidney can be found in various diseases of humans and animals (17) (18) (19) 22, 23) . The demonstration of copper can be performed by analytical evaluation, histochemical stains, and immunohistochemistry. The correlation of analytical methods and histochemical stains of copper has been conflicting (6, 14, 21) , whereas the immunohistochemical demonstration of MT as a good indicator of copper accumulation has been recognized (2) .
In the present study we compared the analytically determined copper and MT content of the kidneys of copper-loaded rats with the immunohistochemical MT staining evaluated by image analysis. For this purpose a directly peroxidase-conjugated monoclonal anti-MT antibody was prepared.
(24).
Materials and Methods
Animals. Male Wistar rats (6 weeks old, uniform weight) were randomly allocated to plastic cages in groups of three and were fed a pelleted highcopper diet (1 g/kg body weight) (Labsur Animal Diet; Lavender Mill, Manea, Cambridgeshire, UK). Groups of rats were sacrificed at weekly intervals for the first 6 weeks and then at 8 and 16 months. Control animals were fed a copper-unsupplemented diet (10 mg Culkg). Tissue blocks were taken SCHMID, MORGAN, OFNER, HITTMAIR, HAYWOOD, JASANl from the kidney cortex for metal analysis and immunohistoshemical studies. Tissues were fixed for 4 days in freshly prepared formaldehyde (10%).
Copper and Zinc Analysis. Oven-dried and acid-digested samples were analyzed for metals by atomic absorption spectrophotometry as described previously (5) . Results are expressed in pglg dry weight.
Biochemical MT Analysis. Tissue homogenates were prepared and assayed for MT by the ELISA procedure (8) , using antiserum against rat liver MT1 as described (4) . Results are expressed in pg/gwet weight. The authors are grateful to Professor I. Bremner, who generously supplied the MTI antiserum.
Monoclonal Anti-MT Antibody. The monoclonal antibody (designated as Eg), prepared by Barbara Darke and Wendy Lees, was a generous gift from Professors J.M. Stark, A. Cryer, and J. Kay, University of Wales, Cardiff, UK. This antibody has been demonstrated to be immunoreactive against a conserved epitope shared by I and I1 isoforms of human, rat, and horse MT (13) . The antibody has been successfully applied to detect immunoreactive MT in formalin-fixed, paraffin-embedded tissues of rat and human origin (5, 7, 11) .
MT Antibody-Peroxidase Conjugate Preparation. The MT antibody was purified from mouse ascites fluid by ammonium sulfate precipitation (final concentration 33%). One ml of ascites fluid yielded 0.82 mg of IgG. After washing of the precipitate (twice in 40% ammonium sulfate), it was re-suspended in 0.1 M phosphate buffer (PB), pH 8.0. Subsequently, the solution was passed through a Sephadex G-25 column pre-equilibrated in PB (pH 8.0) containing 5 mM EDTA. Thiol groups were then introduced by adding imminothiolane HCI (at 25 mM final concentration) (Pierce; London, UK). The reaction was carried out for 1 hr at room temperature. Maleimide groups were introduced into horseradish peroxidase (HRP) using sdfosuccinimidyl4-(N-maleimidomethyl) cyclohexane-carboxylate (SSMCC) (Pierce). This reagent was added in 100-fold molar excess to 0.35 mg HRP and was left at 30'C for 2 hr. The reaction mixture was then passed through a G-25 column pre-equilibrated in 0.1 M PB, pH 7.0. Five mM EDTA and the eluted HRP-maleimide were then added to the IgG preparation to a final molar ratio of 1:1. This mixture was then left, without stirring, for 24 hr at 4'C. The reaction was stopped by adding 5 mM quantities of iodoacetamide and cysteine-HC1 (each for 30 min at room temperature) before a final elution on a G-25 column pre-equilibrated in 0.1 M PB, pH 7.0. This solution contained 140 pg/ml of IgG with the enzyme:IgG ratio in the range of 1:1.5. Aliquots were frozen at -2O'C until used.
Immunohistochemical Staining. Tissue sections were cut at a thickness of 4 pm, mounted on chrome-gel-coated glass slides, and dried overnight in an oven of 56T. The sections were dewaxed in xylene, rehydrated in a series of alcohols, and rinsed in %is buffer (pH 7.3). Endogenous peroxidase was blocked by sodium azide (1 mM), glucose (10 mM), and glucose oxidase (1 Ulml) (all from Sigma, Munich, Germany) according to a modified regimen (10) originally described by Andrew and Jasani (1) . The directly peroxidase-conjugated monoclonal anti-MT antibody was further diluted 1:5 in bovine serum albumin (BSA, 0.6%) (Sigma) and applied overnight in a humidified chamber at 4'C. After rinsing twice for 3 min with %is buffer, the enzyme reaction was developed with diaminobenzidine (DAB) (Sigma)lHlOz (Merck; Darmstadt, Germany) for 5 min. No counterstaining was performed. The sections were finally dehydrated, cleared with xylene, and mounted with Entellan (Merck).
Controls. For determination of nonspecific background staining, a set ofsections was incubated mmjght with 0.6% BSA, oCnitting the peroxidaseconjugated anti-MT antibody.
Interactive Image Analysis. Randomly selected fields (at least 20) from the outer kidney cortex were stored in digital memory using an Olympus BH-2 microscope and a black-and-white video camera module (Sony CCD) connected with a Macintosh IIic computer equipped with a digitizer board. Automated image analysis was performed using Image Analyst (Automatiu; Billerica, MA). The contrast of the image was enhanced by the histogram equalization method (Image Processing and Analysis; Automatix). The unspecific background staining of MT-stained sections was determined on the respective unstained control sections.
Two kinds of evaluations were performed. (a) The mean area of MTpositive cells in the kidney cortex (determined in pixels) was evaluated. (b) The mean gray value of this MT-positive area was calculated. Gray values were divided into 256 steps, ranging from 0 (= black) to 255 (= white).
Statistical Analysis. Results obtained by image analysis were calculated with a statistical computer program (Systat; Evanston, IL). All values are given as the mean. A simple regression analysis was used to compare the mean area of MT-positive kidney cells and their mean gray value with the analytically evaluated tissue MT and copper content.
Copper and MT Concentrations in Kidneys of Copper-loaded Rats
The kidney copper concentration in the supplemented rats rose to 449 * 102 pglg at 8 weeks and remained constant thereafter.
The MT level in the copper-loaded rats rose to a maximum of 290 * 70 pg/g at 8 weeks and remained constant thereafter as well ( Figure 1 ).
Light Microscopic Determination of Immunohistochemical MT Staining
In control animals, an immunohistochemical MT staining was found in some PCT of the outer cortex. With increasing duration of cop- 
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cytoplasm of PCT cells. Some cells showed nuclear staining with or without concomitant cytoplasmic staining. 
Interactive Image Analysis of NT Immunoreactivity
The comparison of the analytically determined MT and copper concentrations with the image analysis of the immunohistochemically MT-positive area (Figures 2a and 2b ) and the staining intensity (Figures 3a and 3b) is shown in a set of histograms. There was a constant increase in the MT-stained area of rat kidney, which was significantly correlated with the duration of copper supplementation and the analytically determined copper and MT concentrations in tissue. The gray values of the MT immunoreactivity ranged from 198 (weak staining) to 186 (strong staining). Rat kidneys with a lower copper and MT content exhibited pronounced variability of the immunohistochemical MT-staining intensity. A marked decrease in the range of MT-staining intensity was noted in rat kidneys with higher copper and MT content. The mean gray values of MT staining increased in copper-supplemented rats of Weeks 1 to 6 and decreased in kidneys from rats that received the diet for 8 and 16 weeks. Representative photomicrographs are shown for the demonstration of MT staining (intensity and area) in Week 1 (Figure 4a ) and Week 8 (Figure 4b ).
Discussion
In a recent study in rats with copper overload, E v e i i and co-workers (5) have shown by histochemical and immunohistochemical techniques a loading and subsequent unloading of copper from the liver, with redistribution of the metal to the kidneys. These authors further concluded that the immunohistochemical MT staining may provide a more sensitive indicator of copper accumulation than the histochemical demonstration of copper.
In the present study we assessed MT immunoreactivity by use of an image analyzing system. For the immunohistochemical demonstration of MT and its subsequent quantitative evaluation, a directly peroxidase-conjugated monoclonal anti-MT antibody was used. This simple one-step technique provides a method that seems to be well suited for correlation of MT immunoreactivity with analytically determined copper and MT concentrations in rat kidney.
Semiquantitation of immunohistochemical stains is usually done by an arbitrary system of pluses ( -; + ; + + ; + + + ), leading to 
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a rather subjective evaluation of a given antigen demonstrated by immunohistochemistry. Various approaches to correlation of immunohistochemical stains with the respective amount of antigens present have been hampered by the immunohistochemical staining techniques applied. These are usually designed to offer high sensitivity to low background staining levels. However, the advantages of these methods [e.g., peroxidase-anti-peroxidase technique (20); DNSS method (12,13)] do not allow a sufficient correlation between the immunohistochemical staining product and the antigen content, since even minute amounts of antigen may lead to a strong immunohistochemical staining signal.
Analytically determined copper and MT concentrations in kidneys from copper-supplemented rats increased to a maximum at 8 weeks and remained constant thereafter. Image analysis of MT immunoreactivity revealed a significant correlation of MT-positive areas and the tissue MT and copper concentrations. The mean immunohistochemical MT-staining intensity, on the other hand, rose to a peak at 6 weeks and then declined, so that by 16 weeks the MT staining intensity was substantially less than at Week 6. These findings suggest that although a peak in the copper and MT tissue concentrations was reached at 8 weeks, both copper and MT undergo a further redistribution in the kidney. MT is involved in a variety of cell functions. This protein has the ability to bind large quantities of metal ions, which implies an intracellular reservoir or sequestration function for essential or potentially toxic metals such as zinc and copper, respectively. Fur-thermore, it plays a role in detoxification of toxic metals such as cadmium and in protection of the cell against ionizing radiation and alkylating agent cytotoxicity [reviewed by Nath et al. (15) ]. As shown in the present study, copper accumulation in the kidneys of copper-supplemented rats caused a rapid increase of MT in the PCT cells of the outer kidney cortex. Our immunohistochemical results evaluated by image analysis provide evidence that, although according to the analytical determinations a constant amount of copper is "handled" by a constant amount of MT after a peak in the copper and MT concentrations is reached at 8 weeks, there is a continuing redistribution of copper and MT in the kidney.
This observation of continuing MT and presumably concomitant copper redistribution in kidneys of copper-loaded rats is intriguing. What might be its functional significance? It can be suggested that PCT cells are attempting to regain another (or more important?) cell function of MT than that of binding copper. Another possible explanation is avoidance of an excessive overproduction of MT (Cu-MT) which might contribute to cell necrosis, as already proposed for liver cells (3,5).
Since analytical determination of copper is both costly and destructive of tissue samples, and since results obtained by histochemical stains have been rather conflicting (6,9,14,21), the evaluation of MT immunoreactivity by image analysis may provide an alternative method for demonstration of copper accumulation. Our results indicate that the evaluation of immunohistochemically detectable MT by image analysis using a directly peroxidase-conjugated monoclonal anti-MT antibody offers an alternative and apparently sensitive method for the demonstration of copper excess.
